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Transmission enhancement in three-dimensional rolled-up plasmonic metamaterials
containing optically active quantum wells
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We investigate three-dimensional rolled-up metamaterials containing optically active quantum
wells and metal gratings supporting surface plasmon polarition resonances. Finite-difference time-
domain simulations show that by matching the surface plasmon polarition resonance with the active
wavelength regime of the quantum well a strong transmission enhancement is observed when illumi-
nating the sample with p-polarized radiation. This transmission enhancement is further increased
by taking advantage of the Fabry-Perot resonances of the structure.
PACS numbers: 81.05.Xj, 78.67.Pt,73.20.Mf
I. INTRODUCTION
The emerging field of metamaterials and the realiza-
tion of materials exhibiting a negative index of refraction
(NIM) in the past ten years opened the way for vari-
ous fascinating applications. With these novel materials
physical applications like cloaking devices1–3 and opti-
cal imaging beyond the diffraction limit4–6 have become
possible. A metamaterial consists of artificial structures
which are much smaller than the wavelength of the op-
erating incident radiation. NIMs have been realized by
metal-dielectric structures e.g. split-ring resonators de-
posited on dielectrics7,8 or fishnet structures9–11. How-
ever, due to the electron-beam lithography fabrication
process of these structures, the realization of three-
dimensional metamaterials requires a sequentially stack-
ing of single layers12–14. Three-dimensional metamate-
rials consisting of multistacks of metal-dielectric layers
can also be obtained by rolling-up strained layers into
microrolls15,16. That opens up the application of such
microrolls for example as hyperlenses17.
The efficiency of metamaterials suffers from the ab-
sorption of radiation in the metal, caused by the fi-
nite imaginary part of the metals dielectric function.
This causes strong energy dissipation and a rapid field
decay. A possible solution to overcome this problem
would be the incorporation of gain materials. Differ-
ent approaches in the recent literature include dyes18,
quantum dots19 and optically-pumped quantum wells
that have been brought in close proximity to split-ring
resonators20. Semiconductor quantum wells show no
bleaching and electrical pumping is well established for
these structures. Recently it was demonstrated that the
self-rolling process offers the possibility to easily include
active quantum-wells in the semiconductor layer of three-
dimensional metamaterials. It was found that such a
novel structure shows enhanced light transmission upon
optical pumping21. In the next step the concept of rolled-
up nanotech allows the realization of three-dimensional
metamaterials with sophisticated metallic nanostructures
instead of planar metal layers which enables us to profit
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FIG. 1. (Color online) Sketch of a micoroll which can
be fabricated by rolling-up strained layers. The tube wall
represents a three-dimensional metamaterial consisting of a
metal-semiconductor superlattice containing quantum wells
and metal gratings.
from plasmonic resonances.
In this letter we investigate alternating layers of amplify-
ing quantum wells and metal gratings supporting surface
plasmon polaritions (SPPs). Such structures can be re-
alized in the walls of rolled-up metamaterials as sketched
in Fig. 1. Experimentally one can prepare different type
of layered systems rolling along or perpendicular to the
grating stripes. Here we are interested in the fundamen-
tal effect of grating coupler enhanced gain and concen-
trate on a microroll with rolling direction along the grat-
ing stripes where we can precisely align the stripes on
top of each other. Whereas in the case of a perpendic-
ular rolling direction commensurability effects between
the microroll perimeter and the grating period can oc-
cur. We present finite-difference time-domain (FDTD)
simulations which show a transmission enhancement in
the structures with metallic gratings much larger than
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FIG. 2. (Color online) Scheme of the 2D simulation volume
(orange box) with p-polarized fields. a is the lattice constant,
b denotes the width of the etched region and d is the grating
depth.
observed for samples with flat silver surfaces.
II. STRUCTURES AND SIMULATION
METHOD
In Fig. 1 a sketch of a microroll is shown. The prepa-
ration of this structures is based on strain relaxation of
pseudomorphically grown (AlIn)GaAs heterostructures,
which roll up into a tube when released from the sub-
strate by etching away an AlAs sacrificial layer (for de-
tails see17). The important ingredients for our investi-
gation here is that in addition (i) an InGaAs gain layer
and (ii) a grating is etched into the semiconductor layer
and covered with Ag before the rolling-up process. As
a result one obtains alternating layers of quantum wells
and Ag gratings.
We performed finite-difference time-domain simulations
on the metamaterials by using the commercial software
Lumerical FDTD Solutions22. For the simulations we
neglected the curvature of the actual structure and in-
vestigate flat structures in two dimensions. We simu-
lated a grating unit cell (lattice constant a and filling
factor t = b/a where b denotes the width of the etched
region) with three layers where we used periodic bound-
ary conditions in x direction and perfectly matched layer
boundary conditions in y direction (Fig. 2). We irradi-
ated the investigated structures with a plane wave with
zero incident angle. To fulfill the criterion for SPP ex-
citation we assume that this plane wave has the H field
~H = (0, 0, Hz) and the E field ~E = (Ex, 0, 0). Due to the
periodic corrugation also y components of the electric
field are induced. In the frequency spectrum the plane
wave pulse has a Gaussian-shaped distribution with a
maximum at 406 THz and a full-width-half-maximum
(FWHM) of 385 THz. This corresponds to broadband
excitation with a center wavelength of λ = 950 nm and
a FWHM of ∆λ = 900 nm. Inside the simulation vol-
ume we used an appropriate non-uniform mesh which has
been optimized by convergence testing. The transmission
spectrum was recorded in a distance of dtrans = 0.6 µm
in y direction behind the structure. For the dielectric
functions we take polynomial fits on experimental data
from Palik23. The dielectric functions of the AlGaAs,
the InGaAs and the AlInGaAs used in the simulations
are based on the dielectric function of GaAs and were
adjusted as follows: The percentage of In and Al in the
semiconductor layer decreases and increases the bandgap
of the composite semiconductor which we assume to be
Al26Ga74As, In16Ga84As and Al20In16Ga64As. In first
approximation this shift of the bandgap is linear causing
the dielectric function to change slightly. This effect was
taken into account by dislocating the dielectric function
of GaAs linearly,
ǫSC(h¯ω) = ǫGaAs
(
h¯ω −∆EIn53
PIn
0.53
+ ∆EAl30
PAl
0.3
)
where PIn and PAl are the percentages of In and Al in
the semiconductor, respectively. The difference of the
bandgap of GaAs and In53Ga47As
24 is ∆EIn53 = 0.7 eV
and the difference of the bandgap of Al30Ga70As and
GaAs25 is ∆EAl30 = 0.45 eV.
The amplification effect of the InGaAs quantum well
can be described by a negative imaginary part of the re-
fractive index. In the simulations the dielectric function
ǫgain of this gain layer was modelled qualitatively as a
Lorentz oscillator according to26:
ǫgain = ǫInGaAs −
ω20ξ
ω20 − iωγ − ω
2
,
with ξ as the Lorentz oscillator strength, γ the damp-
ing frequency and ω0 as the resonant frequency of the
quantum well.
III. PARAMETER CALIBRATION
The beneficial exploitation of the SPP excitations on
the transmission requires that the lattice constant of the
metallic grating is chosen appropriately to adjust the
energy of the SPP resonance to the active wavelength
regime of the of the quantum well. Furthermore it is fa-
vorable to tune the SPP resonance energy to the Fabry-
Perot transmission peak of the system arising from the
layered semiconductor/metal system with its high index
of refraction. The optically active wavelength regime of
the quantum well can in fact be tailored by the amount
of Indium used during sample preparation. In the sim-
ulations presented in this letter we consider a quantum
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FIG. 3. (Color online) (a) Transmission spectrum of a three-layer structure of 10 nm Ag, 26 nm AlInGaAs, 9 nm InGaAs
and 25 nm AlGaAs with different metal grating periods and 10 nm lattice depth in comparison to flat layers (black line). (b)
Transmission spectrum of an a = 600 nm grating (green line) together with the transmission spectrum of flat layers (black
line). The quantum well wavelength is marked with a red dashed line. (c) shows the two-dimensional electric-field distribution
in the regime of the λ = 933 nm SPP mode. Adjacent we plot the one-dimensional intensity profile originating from the white
dashed line (the intensity axis have the same linear scaling in both cases).
well emitting at λ = 933 nm. The Fabry-Perot resonance
peaks can be shifted by varying the individual layer thick-
nesses. The black line in Fig. 3(a) shows the simulated
transmission spectrum for a three-layer structure with
each layer consisting of 10 nm Ag, 26 nm AlInGaAs,
9 nm InGaAs and 25 nm AlGaAs. We see that, for this
dimensions, the structure exhibits a pronounced Fabry-
Perot peak at the desired wavelength of λ = 933 nm.
The appropriate grating was examined by performing
simulations with various lattice constants. In Fig. 3(a)
we display the transmission spectra for different gratings
in comparison with the spectrum of unstructured layers.
We first choose a grating filling factor t = 0.5, a depth
d = 10 nm and an Ag thickness tAg = 10 nm. One
can see that for an a = 600 nm grating a deep SPP reso-
nance is located at the desired wavelength of λ = 933 nm.
For smaller grating periods the SPP resonance shifts to
shorter wavelengths (λ = 856 nm for an a = 400 nm
grating and λ = 901 nm for an a = 500 nm grating)
whereas for larger grating periods the SPP-resonance
wavelength is longer (λ = 960 nm for an a = 700 nm
grating and λ = 980 nm for an a = 800 nm grating).
Variations in the lattice depth do not affect the posi-
tion of the SPP resonance but a smaller lattice depth
causes less pronounced resonances. Moreover, several
other SPP excitations can be observed, however, they
are considerably less pronounced. From the observed res-
onance positions we can reconstruct a dispersion relation
ωSP = ωSP(kx = n · 2π/a) where n is the diffraction
order. We find that the pronounced minima, starting
for a = 800 nm at λ = 980 nm, follow a dispersion
ωSP,a with n = 1. The minima in the regime between
λ = 650 to λ = 750 nm follow the same dispersion with
n = 2, thus they represent a higher diffraction order.
This dispersion ωSP,a lies inbetween the SPP dispersion
of a flat-Ag/vacuum interface and a flat-Ag/GaAs inter-
face. This is what we actually expect for our complex
semiconductor/metal structures including vacuum gaps.
We further expect even different SPP branches due to
the asymmetric arrangement and coupling between the
three metal layers. Indeed, the resonances starting for
a = 800 nm at λ = 1155 nm follow a dispersion ωSP,b
that lies energetically below ωSP,a. Our studies showed
that the variation of the lattice filling factor (we simu-
lated filling factors between t = 0.2 and t = 0.8) does
effect the position of the SPP resonance only slightly by
about ∆λ = 20 nm. In Fig. 3(b) we independently show
the transmission spectra for the above structure without
and with an a = 600 nm grating. It can be seen clearly
that the SPP resonance and the Fabry-Perot resonance
peak are matched to the active wavelength regime of the
quantum well (λ = 933 nm). In Fig. 3(c) we plot the two-
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FIG. 4. (Color online) (a)-(d) Transmission versus wavelength
spectra for different values of gain and a grating period of
a = 600 nm for illumination with a p-polarized wave. The
InGaAs gain layer has a thickness of 9 nm. (d) also shows the
imaginary part of the refractive index of the gain layer. (e)
Transmission spectrum without gain (compare with Fig. 3(b))
for illumination with a p-polarized wave.
dimensional electric-field distribution of the λ = 933 nm
SPP mode (adjacent we show the one-dimensional inten-
sity profile corresponding to the white dashed line). We
recognize that the intensity profile exhibits a large in-
tensity inside the structure in particular at the quantum
well locations. We note that in two-dimensional metama-
terials the gain material has to be brought in very close
proximity to the metallic structure (see, e.g., reference20)
which can cause manufacturing problems. In our three-
dimensional case the mode pattern allows us to use thick
barrier layers which are necessary to maintain the opti-
cal quality of the quantum well and still have a strong
field-coupling to the quantum well.
IV. RESULTS AND DISCUSSION
The Lorentz oscillator strength in the gain layer was
adjusted by investigating the transmission enhancement
on a single layer: In previous experiments without grat-
ing it was shown, that for single layers with and with-
out a gain layer, which exhibit transmissions T and T +
∆T , respectively, a transmission enhancement of about
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FIG. 5. (Color online) (a)-(d) Transmission versus wavelength
spectra for different values of gain and a grating period of
a = 600 nm for illumination with a s-polarized wave. The
quantum well has a thickness of 9 nm. (e) Transmission spec-
trum without gain for illumination with a s-polarized wave.
A pronounced SPP resonance at λ = 933 nm wavelength is
not observed (compare with Fig. 4(e)).
∆T/T = 2% is easily realizable21. We performed simu-
lations where we adjusted the Lorentz-oscillator strength
ξ to ξ = −0.03,−0.035,−0.037,−0.04. This corresponds
to single layer transmission enhancements of ∆T/T =
2%, 3%, 4%, 5% and imaginary parts of the Lorentz-
oscillators refractive index of nQWim = −0.37,−0.43,−0.45
and −0.50 at λ = 933 nm, respectively. The results are
plotted in Fig. 4. Figure 4(e) shows the transmission
spectrum with no gain as a reference. Figures 4(a)-(d)
depicts the transmission versus wavelength spectra for
the above mentioned values of ξ. It is observed that
the transmission at the SPP resonance is drastically en-
hanced with increasing gain. For ξ = −0.03 (correspond-
ing to nQWim = −0.37 and ∆T/T = 2% for an unstruc-
tured single layer film) we already obtain a transmis-
sion of more than 1 at the wavelength of 933 nm. With
increasing gain the transmission at this wavelength in-
creases up to 10 for ξ = −0.04 (nQWim = −0.50, ∆T/T =
5%). Figure 3(c) shows that there is a high intensity in all
three layers. This indicates that the multilayered systems
that we can realize with the microroll technique is indeed
quite helpful. We have actually performed simulations,
where we selectively turn on the gain in different layers
5and it turned out that the effects on the transmission
are considerably smaller. It is therefore advantageous
to use a structure with three or even more layers. We
like to note that, as observed in Fig. 4, the transmission
enhancement has actually a Fano-type shape with a mini-
mum at the low wavelength side. This indicates that the
negative imaginary part of the gain material shifts the
SPP resonance position, i.e. there is an increasing inter-
action between the SPP and the gain layer.
While the excitation of SPPs is linked to illumination
with p-polarized light we also performed for comparison
simulations in s polarization. The transmission versus
wavelength spectra of this run are presented in Fig. 5.
Figures 5(a)-(d) show the spectra for Lorentz-oscillator
strengths ξ = −0.03,−0.035,−0.037,−0.04 correspond-
ing to ∆T/T = 2%, 3%, 4% and 5%, respectively. Fig-
ure 5(e) depicts the transmission spectrum without gain.
As expected, there are no SPP resonances. Turning on
the gain leads to an increasing transmission at the res-
onant frequency of the quantum well. However, in the
s-polarized case a strong transmission enhancement as
in Fig. 4(a)-(d) is not observed. Our simulations show
that the increased transmission for s polarization is com-
parable to simulations with flat layers instead of a grat-
ing. This observation supports that the SPP resonances
are crucial for the extraordinary transmission. Further
simulations show that the strength of the transmission
enhancement as seen in Fig. 4 is strongly dependent on
the interplay of the Fabry-Perot resonance, the SPP res-
onance and the active wavelength regime of the quantum
well.
V. CONCLUSIONS
In conclusion we demonstrated that SPP resonances
on metallic gratings embedded into three-dimensional
metamaterials containing quantum structures can lead
to a strong transmission enhancement. The dimensions
of the structures and the grating period have to be
chosen such that the wavelength of the SPP resonance
spectrally and spatially matches the emission of the
quantum well. Moreover our simulations show that it is
desirable to also shift the Fabry-Perot resonance peak to
the SPP resonance.
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